The aim of this research was to investigate the effect of tribomechanical treatments on rheological, thermophysical, and some physical properties of tapioca starch. Samples of tapioca starch were treated using laboratory equipment for tribomechanical micronization and activation (TMA equipment). Before and after the TMA treatment, analysis of the particle size and particle size distribution was carried out, in addition to scanning electron micrography in tapioca starch. Scanning electron micrography showed that tribomechanical processing of tapioca starch resulted in breaking accumulations of starch granules in the form of granules. Pasting parameters have shown that maximal viscosities of model starch suspension have been decreasing after tribomechanical treatment. On the basis of gelatinization curves, it can be concluded that there are changes in the gelatinization point after treatment, and there is decrease in enthalpy of gelatinization for model suspension. After tribomechanical treatment, changes in physical properties of starch suspensions were determined, as well as specific swelling capacity, solubility index, and turbidity of tapioca starch suspensions.
Introduction
Starch is present in food, whether it comes as a raw material or added as ingredient in order to achieve or improve certain properties. It has significant applications in the food industry, and is used as a tool for: thickening, stabilization of colloidal systems, moisture retention, flavor binding, gelling, film formation, improvement of product quality and other. Starch isolation from natural sources (seeds, tubers and fruit crops) gets a native starch which retains the original structure and properties. Due to its capability of improving water retention, it is used to improve textural properties, and due to low energy value-in the production of low-caloric foodstuffs [1] [2] [3] .
Starch is a useful polymer and a cheap, natural material, the reason being the ease with which its physicochemical properties can be altered through chemical or enzyme modification and/or physical treatment [1, 4, 5] . There is great interest in novel methods to modify the structure of starch in the crystalline regions [6] . One of novel methods to modify the structure of starch is the process of tribomechanical micronization and activation (TMA process).
The process of tribomechanical micronization and activation (TMA), as well as the appropriate equipment, was patented in the year 1998 at the International Bureau of the WPO PCT Receiving Office in Geneva Switzerland, under number PCT/1B 99/00757 [7] . The TMA equipment is made up of housing and two rotor discs placed against each other. Each disc is furnished with 3-7 concentric circles-rings of teeth projecting from the surface of the disc-with specially constructed hard metal elements. The discs rotate in opposite directions at the same angular rate. The starting material enters the equipment through the central part of the rotor system by ventilator air streaming. Therefore, the particles are accelerated and, because of repeated changes in the direction of motion, collide, causing friction over short time intervals (less than 0.001 s).
Application of tribomechanical micronization in food processing presents a novel nonthermal method, with low energy consumption and short treatment time as compared to traditional technological processes, and presents novel method for food processing that can be used for new product development as improvement of technological process which is the purpose of this paper. The investigation with tribomechanical activation (TMA) has been primarily focused on inorganic materials [8] , but recently, investigations were directed to organic materials such as powdered whey proteins [8] [9] [10] . Previous investigations have shown that TMA treatment, besides breaking up developed agglomerates, may significantly change structural characteristics of starches and its reactivity [11] . Because of such effects on the physical and structural properties of proteins and corn starch, it is to be expected that the procedure of TMA treatment can cause similar changes on tapioca starch.
Application of tapioca starch is used in numerous industrial and food applications, including thickening and gelling. In many applications, the properties of native starch are not optimal, and therefore starch is used with different additives and ingredients or is modified in order to change and improve its functions [12] [13] [14] [15] . The use of native tapioca starches may be highly inconvenient due to retrogradation and syneresis phenomena as well as low mechanical and thermal stability observed in such material. Starch is modified in a different manner in order to change its physicochemical properties as well as to obtain desired functional properties. Tapioca starch has no taste or smell; so, adding color, flavor, eggs, milk, cream and sweeteners can be recast in age at variety of products especially sweets.
The purpose of this research was to establish a possible significant influence of TMA treatment on rheological, thermophysical, and some physical properties of tapioca starch. The examinations of the influence of TMA treatment on the morphological characteristic of the tapioca starch were also performed.
Materials and Methods

Sample Preparation.
Powdered tapioca starch sample (commercial name: Cream Gel 70001) has been used. Its composition has been declared by manufacturer (Cargill Benelux BV, SAS van Gent, The Netherland) as follows: water 13.11%, starch 86.89%, and pH-5.5. Suspensions have been prepared by stirring the appropriated amount of tapioca starch powder and distilled water as stated in Table 1 .
Tribomechanical Micronization.
Powder tapioca starch was laboratory treated in the equipment for TMA (Figure 1 ). The laboratory TMA device is capable of treating samples within a wide range of rotor speeds (from 10,000 rpm up to of 22,000 rpm). The TMA optimized treatment was carried out at rotor speed (20,000 rpm) and at ambient temperature. Tapioca starch was treated using the TMA equipment under atmospheric pressure. Overheating of the materials was prevented by water cooling of the equipment through its housing. Intake of the material for treatment was continuous at 1 kg/min [7] .
2.3.
Particle Size Distribution. The particle size distribution of the powdered tapioca starch before and after TMA treatment was measured using a laser light scattering instrument, the Malvern Mastersizer 2000 (with a lens of 100 mm focal length). For analysis of the results obtained, MIE theory was applied [16] . Each analysis was made in triplicate, and the mean values were taken. [17] . Aqueous suspensions of 2% starch (w/w) were heated in a water bath at constant temperatures and shaked, for 30 min. Each suspension was cooled and centrifuged at 3000 rpm for 15 min; the decanted was weighed, and the supernatant was placed in a vacuum stove at 120 ∘ C for 4 h. Solubility index, SI (%), has been calculated according to the equation: (1)
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Swelling power, SP (g of hydrated molecules/g starch dry matter), is calculated according to
GDM -mass of gel dry matter (g). (2) 2.7. Turbidity (Light Transmittance %). Turbidity (light transmittance %) of tapioca starch pastes was measured as described by Perera and Hoover [18] . An aqueous suspension of starch from each tapioca variety (1 g/100 g solids) was heated in a water bath at 90 ∘ C for 1 h with constant stirring. The starch pastes were cooled for 1 h at 30 ∘ C, and the light transmittance was measured at 640 nm. The samples were stored for 5 days at 4 ∘ C in a refrigerator, and transmittance was determined every 24 h with a Shimadzu UV-1601 spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
Determination of Rheological Properties of Tapioca Starch
Model Systems. Rheological properties of tapioca starch suspensions were determined according to the method of Hagenimana and Ding [19] . Tapioca starch suspension of 10% (w/w) in 100 mL volume was directly placed into a stainless steel measuring bowl of a Brabender Micro-ViscoAmyloGraph (Duisburg, Germany). System operating at 250 rpm was then heated from 30 to 93 ∘ C, with a heating rate of 7.5 ∘ C. Samples were held for 1 min at 52 ∘ C and 5 min at maximal temperature of 93 ∘ C. The parameters recorded were maximum viscosity, breakdown viscosity, setback viscosity, and beginning of gelatinization ( ∘ C).
Thermal Properties of Tapioca Starch.
Gelatinization properties of tapioca starch suspensions were analyzed using a differential scanning calorimeter DSC 822e (Mettler Toledo) equipped with STARe software. An empty pan was used as a reference. Prepared and TMA-treated corn starch suspensions were weighed into a standard aluminum pan.
The pans were sealed and equilibrated for 24 h at room temperature before heat treatment in the DSC. The starch slurry was gelatinized in the DSC using a heat rate of 10 ∘ C/min from 25 to 95 ∘ C. After the heat treatment, the samples were cooled to 25 ∘ C and removed from DSC. The changes in enthalpy (Δ in kJ kg −1 of dry starch), onset temperature ( ), peak temperature ( ), and conclusion temperature ( ) for gelatinization were obtained from the exothermal DSC curves. All the measurements were performed in triplicate.
Statistical Analyses.
The whole study was repeated and each value represents the mean of three measurements from three independent tribomechanical treatments. The effect of tribomechanical treatment on tested parameters was determined by analysis of variance, using statistical analyses with SPSS for Windows version 13.0 (SPSS Inc., Chicago, IL). Analysis of variance (one-way ANOVA), significant level used was 5% ( = 0.05). The values not statistically different are accompanied by the letter (a) and the values statistically different by the letter (b).
Results and Discussion
Particle Size Distribution, Scanning Electron Micrography, and IR Spectroscopy of Tapioca Starch.
The procedure of TMA treatment significantly changes the physical characteristics of the treated material [11] . Tribomechanical treatment causes micronization of various solid materials those results in nanoparticles and changes in structure and electrical potential of molecules [8] . Powdered tapioca starch during the TMA treatment is exposed to the strong mechanical forces of striking hammers and ventilation paddles placed on rotating discs which produce turbulent movement. In this way, tapioca starch particles collided and rubbed against each order in short time intervals (less than 0.001 s). The strong mechanical forces which were producing turbulent cause collision between particles of tapioca starch and were rubbing against each order had caused rupturing and mechanical damages of starch granules and changes in their size and shape. TMA treatment significantly changes particle size distribution of tapioca starch. The changes of particle size distribution and specific surface area tapioca starch during the tribomechanical activation can be seen in Figure 2 . Scanning electron micrography showed that tribomechanical processing of tapioca starch resulted in breaking accumulations of starch granules in the form of granules and surface defects granules (Figure 3 ). The content of amylose (%) in starch is decrease after tribomechanical micronization [20, 21] . A significant reduction in amylose content after tribomechanical micronization was observed. These results are in order with the results of the solubility index (%) and swelling power (SP). Decrease in the content of amylose in granules of starch causes increase in swelling capacity and solubility of starch granules (Table 2 ). It is speculated that linear structure and random arrangement of amylose make amylose more susceptible to degradation [22] .
IR spectroscopy showed that tribomechanical micronization and activation causes changes of tapioca starch granular structure (Figure 4) . The strong mechanical forces during the TMA treatment cause shear forces that are capable of breaking the chains of polymers and damaging granules [23] . After TMA treatment was expected splitting of long polymer chains of amylase and the separation of the carbohydrate molecules less of the molar mass (disaccharides, threesaccharides and so forth), FT-IR showed that in this case did not happen. Thus, there was no separation of a large number of short carbohydrate chains, and FT-IR did not detect them. It can be concluded that the changes that are visible on Figure 4 , have consequence of tearing of long chains of amylase into smaller oligosaccharide chains wich are still extremely high molar masses. Huang et al. have explored the influence of mechanical activation on tapioca starch and have come up with similar results. In this study, infrared spectroscopy showed no new functional groups formed during the process of mechanical activation [24] .
Physical Properties of Tapioca Starch Model Systems.
The procedure of TMA treatment significantly changes the physical characteristics of the treated material [25] . Table 2 shows the changes in the swelling power and solubility of tapioca starch before and after TMA treatment. The solubility index and swelling power of the tapioca starch were analyzed in order to obtain information about the structural differences and molecular arrangement of the granules. The solubility index (SI) and swelling power (SP) of the starch gel prepared with suspension of TMA-treated tapioca starch had higher values when compared with untreated suspensions. It is caused by disruption of starch granules and molecule by TMA treatment. Swelling capacity and solubility index show us the size of the interaction of starch chains within the amorphous and crystalline areas of starch granules. Their interaction is determined by the ratio of amylose and amylopectin, phosphorus content, and their conformation and degree of branching [26] . The processing of starch leads to structural reorganization of the starch granules resulting in the rejection of the starch molecules, thereby facilitating the binding of water between the amorphous regions of granules and the consequent increase in the swelling capacity and solubility [27] . The increase in solubility comes as a result of the depolymerization and structural weakening of the starch granule [28] . Increases in solubility and swelling power when applying TMA treatment are also higher for samples at higher temperature (70 ∘ C) than at 20 ∘ C. Based on the results of measuring the absorbance at 640 nm on spectrophotometer for 5 days, significant differences after TMA treatment ( Figure 5 ) in turbidity had been observed. Turbidity starch suspensions depend on the concentration of suspended particles in the volume of the measured absorbance. Perera and Hoover [18] explored the turbidity of native and modified starches and determined the existence of interaction between starch granules after completion of the modification. The demage on starch granules after mechanical modifications (tribomechanical) are mostly oriented to the surface of starch granules form conglomerates, which are rapidly precipitated from untreated starch granules themselves. The previous explanation is confirmed by the results of determining the turbidity of model starch suspensions tribomechanically treated tapioca starch, where after 5 days (up to 96 hours) of storage, a decrease in turbidity had been identified compared with the untreated samples ( Figure 5 ). Singh et al. [26] also reported that the increase in turbidity affects the separation of amylose starch granules during swelling. 
Rheological and Thermophysical Properties of Tapioca Starch Model Systems.
The recorded pasting properties of untreated and tribomechanically treated tapioca starch were pasting temperature, peak viscosity, trough viscosity (minimum viscosity at 95 ∘ C), final viscosity (viscosity at 50 ∘ C), breakdown viscosity (peak-trough viscosity), and setback viscosity (final-trough viscosity), as can be seen in Table 3 . The representative curves for untreated and TMA-treated tapioca corn starch are shown in Figure 6 . TMA treatment has affected a decrease of starch suspension viscosity ( Figure 6 ). Pasting parameters have shown that maximum viscosity of tapioca starch model suspensions (2474 BU) was decreasing after tribomechanical treatment (1990 BU). Breakdown viscosity (1475 BU) have also decreased (1105 BU) after TMA treatment but there is increase of setback viscosity (2091 BU) as compared with native tapioca starch (1904 BU). There is no change of gelatinization temperatures of tapioca starch after tribomechanical activation. The enthalpy of gelatinization (Δ gel ), which represents the amount of thermal energy involved in the gelatinization process, was reduced after tribomechanical micronization of tapioca starch. TMA treatment brought about the weakening Table 4 ). The decreases in the , , and of tapioca starches upon tribomechanical activation might be due to the weakening of the starch granules, which led to the early rupture of the amylopectin double helices [28] . TMA treatment of starch distorts the crystalline region in starch granules prior to a reversible hydration of the amorphous phase, which results in the destruction of the granular structure [11] .
Conclusion
This study shows that tribomechanical micronization and activation, which presents a novel method for food processing, gives opportunity to modify and to improve rheological, thermophysical, and some physical properties of tapioca starch. Tribomechanical processing of tapioca starch resulted in breaking accumulations of starch granules in the form of granules. Pasting parameters have shown that maximal viscosities of model starch suspension were decreasing after tribomechanical treatment. Statistically significant increase in solubility and swelling power was observed. TMA treatment caused disrupting of starch granules by mechanical forces and made the granule more permeable to water during the heating step. The enthalpy of gelatinization was reduced after tribomechanical micronization of tapioca starch. The decreases in the , , and of tapioca starches upon tribomechanical activation might be due to the weakening of the starch granules, which led to the early rupture of the amylopectin double helices and shear thinning of tapioca starch and increased its cold-water solubility. Such behavior is consistent with mechanical activation increasing the amorphous regions of the starch granules while weakening and decreasing the crystalline regions of the starch. Comparing TMA with other methods minimal food processing, tribomechanical activation has the advantages with its simple process, minimal environmental problems and convenient operation.
